Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease specifically affecting cortical and spinal motor neurons. Cytoplasmic inclusions containing hyperphosphorylated and ubiquitinated TDP-43 are a pathological hallmark of ALS, and mutations in the gene encoding TDP-43 have been directly linked to the development of the disease. TDP-43 is a ubiquitous DNA/RNA-binding protein with a nuclear role in premRNA splicing. However, the selective vulnerability and axonal degeneration of motor neurons in ALS pose the question of whether TDP-43 may have an additional role in the regulation of the cytoplasmic and axonal fate of mRNAs, processes important for neuron function. To investigate this possibility, we have characterized TDP-43 localization and dynamics in primary cultured motor neurons. Using a combination of cell imaging and biochemical techniques, we demonstrate that TDP-43 is localized and actively transported in live motor neuron axons, and that it co-localizes with well-studied axonal mRNA-binding proteins. Expression of the TDP-43 C-terminal fragment led to the formation of hyperphosphorylated and ubiquitinated inclusions in motor neuron cell bodies and neurites, and these inclusions specifically sequestered the mRNA-binding protein HuD. Additionally, we showed that overexpression of full-length or mutant TDP-43 in motor neurons caused a severe impairment in axon outgrowth, which was dependent on the C-terminal protein-interacting domain of TDP-43. Taken together, our results suggest a role of TDP-43 in the regulation of axonal growth, and suggest that impairment in the post-transcriptional regulation of mRNAs in the cytoplasm of motor neurons may be a major factor in the development of ALS.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by a progressive and fatal loss of a-motor neurons, which appears to develop as a dying-back disease (1, 2) . Degenerating neurons in both the spinal cord and cortex are characterized by the presence of ubiquitinpositive cytoplasmic aggregates that, in the vast majority of cases, contain the DNA/RNA-binding protein TDP-43 as a major component (3, 4) . TDP-43 is also present in neuronal insoluble aggregates observed in other neurodegenerative diseases, such as frontotemporal lobar dementia, Guam ALS-parkinsonism/dementia and Alzheimer's disease (5, 6) . Mutations in the TDP-43-encoding gene, TARDBP, account for 4% of familial and 1.5% of sporadic ALS cases (7) , indicating a causative link between TDP-43 function and motor neuron degeneration.
TDP-43 is a ubiquitously expressed protein and member of the heterogeneous nuclear ribonucleoprotein (hnRNP) family. TDP-43 contains two RNA recognition motifs and a glycine-rich C-terminal region, which mediate the interaction with nucleic acids, and with other proteins, respectively. In healthy cells, TDP-43 is mainly localized to the nucleus, where it is known to participate in RNA transcription, pre-mRNA splicing and miRNA processing (8) . In the majority of ALS cases, TDP-43 is depleted from the nucleus of motor neurons, and hyperphosphorylated and ubiquitinated TDP-43 C-terminal fragments (CTFs) accumulate in insoluble cytoplasmic aggregates (4, 9, 10) . Interestingly, all but one TDP-43 mutations found in ALS patients are clustered at the C-terminus (8) . It is not yet clear whether the gain of a toxic function of these cytoplasmic inclusions, the depletion of nuclear TDP-43, its cytoplasmic accumulation or a combination of these processes is responsible for the selective motor neuron degeneration that characterizes ALS. In yeast, TDP-43 mutations have been shown to increase its intrinsic tendency to aggregate and enhance TDP-43 toxicity (11, 12) . In a recent study performed in cortical neurons, it was shown that TDP-43 cytoplasmic translocation and not its aggregation was a predictor of neuron degeneration and death (13) . TDP-43 protein levels have also been shown to be a critical determinant of cell survival, and to be strictly controlled through an auto-regulatory mechanism (14, 15) . Excessive protein levels are highly toxic to neurons, as demonstrated also by several TDP-43 transgenic animal models (16) . A loss of this control in ALS due to protein malfunction and/or mislocalization could lead to enhanced protein aggregation and eventually to cell death (17) . Lack of TDP-43 is also toxic to cells, leading to embryonic lethality and motor dysfunction in homozygous and heterozygous TDP-43 knockout mice (18, 19) as well as deficient locomotive behaviors and abnormal neuromuscular junctions (NMJs) in TDP-43-depleted flies (20) and fish (21) . However, the precise localization and functions of TDP-43 in motor neurons and the reason for the selective vulnerability of motor neurons in ALS remain poorly understood.
As of now, most studies have focused on the nuclear function of TDP-43 in the regulation of pre-mRNA splicing. However, TDP-43 has also been shown to shuttle between the nucleus and cytoplasm (22) , where, in conditions of oxidative and osmotic insults, it accumulates in stress granules (23) (24) (25) . Stress granules are RNP complexes that assemble and silence untranslated mRNPs in response to environmental stress (26, 27) . Interestingly, different TDP-43/RNA co-immunoprecipitation analyses have indicated that TDP-43 binds to UG n repeats located not only in intronic sequences, but also in regulatory 3 ′ untranslated regions (15, 28, 29) , which are known to play important roles in cytoplasmic regulation of mRNA. Recent studies also identified TDP-43 as a component of somatodendritic RNA granules (30, 31) . Taken together, these observations suggest a potential role for TDP-43 in the regulation of neuronal maintenance and survival by modulating the cytoplasmic fate of mRNAs.
In order to characterize TDP-43 functions in motor neurons, we have investigated its dynamics and protein interactions and we show for the first time that although the majority of TDP-43 is within the nucleus, a distinct population of this protein is detected in highly mobile granules that are actively transported along the axons of live motor neurons. We further show that the TDP-43 C-terminal fragment found in pathological aggregates in ALS (9) forms cytoplasmic inclusions in primary cultured motor neurons, and that the TDP-43-associated mRNA-binding protein (mRBP) HuD is specifically recruited into these aggregates. Furthermore, we have evaluated the effects of overexpression and shRNAmediated knockdown of TDP-43 on the morphology of primary motor neurons, and we demonstrate that TDP-43 acts as a negative regulator of axon outgrowth. Taken together, our results argue for a potential functional role of TDP-43 in the regulation of mRNA fate in motor neuron axons.
RESULTS

TDP-43 protein localizes to motor neuron axons
To better understand the role of TDP-43 in motor neurons, we first examined its cellular localization in primary cultures with sensitive and high-resolution fluorescence imaging. Endogenous TDP-43 was detected by immunofluorescence, using several polyclonal and monoclonal antibodies (Fig. 1A and Supplementary Material, Fig. S1 ). Although the majority of TDP-43 was localized in the nucleus, a clear granular staining was evident not only in the cytoplasm, but also along the axons (Fig. 1A) and dendrites (not shown). Similar to the endogenous protein, hemagglutinin (HA)-and green fluorescent protein (GFP)-tagged TDP-43 transiently expressed in motor neurons localized strongly to the nucleus and in clear granules distributed along the neuronal processes (Fig. 1B) . To confirm this observation, we employed a biochemical approach using embryonic stem (ES) cell-derived motor neurons. Differentiated embryoid bodies were plated on porous membranes (Supplementary Material, Fig. S2 ), and pure axons growing on the membrane underside were harvested and processed for western blot (Fig. 1C) . Whereas histone H3 was confined to the cell body fraction, tubulin and the microtubule-associated protein tau were present also in the axonal lysate, confirming the purity of the preparation. Consistent with the microscopy data, TDP-43 protein was detected in both the cell body and axonal fractions, whereas the hnRNP family member hnRNP C2, which has been previously shown to be restricted to the nucleus (22) , was not present in the axonal fraction. Interestingly, smaller molecular weight isoforms of TDP-43, possibly generated through alternative splicing or protein processing (32) , were detected in the cell body but absent from the axonal fraction. This may indicate that different TDP-43 protein isoforms regulate different aspects of mRNA processing in the nucleus and axons. Taken together, these data confirm that TDP-43 is specifically localized to motor neuron axons, where it may play a role in mRNA posttranscriptional processing.
TDP-43 axonal levels increase upon stimulation with the neurotrophic factor BDNF
Given the ability of TDP-43 to bind mRNAs and its structural similarity with FUS/TLS, an ALS-associated protein whose localization in dendrites is regulated by synaptic activation (33), we speculated that the axonal localization of TDP-43 might be increased upon stimulation with factors such as cAMP and BDNF, as it has been shown for FUS/TLS and other mRBPs (33) (34) (35) (36) . To test this hypothesis, we stimulated primary motor neurons with BDNF (10 ng/ml, 15 min) prior to fixation. Under these conditions, we observed a significant 78% increase of endogenous TDP-43 in axons of treated motor neurons compared with controls ( Fig. 2A) . To further confirm this observation using a complementary approach, we employed ES cell-derived motor neurons grown in compartmentalized chambers, as described above. Cells were stimulated with 15 ng/ml BDNF for 30 min, and the cell body and axonal protein fractions harvested (Fig. 2B) . In accordance with the immunofluorescence data, we observed a significant 85% increase in TDP-43 levels in the axonal compartment compared with untreated cells. Taken together, these observations suggest that TDP-43 is an mRBP that dynamically localizes to the axons of primary motor neurons in response to physiological signals.
TDP-43 protein is highly mobile in motor axons
To explore the possibility that TDP-43 protein is actively transported along the axons of motor neurons, we performed live-cell imaging on primary motor neurons transfected with fluorescent tagged TDP-43. Both mCherry-and GFP-TDP-43 fusions were used to control for any unspecific effect due to the fluorescent protein tag. To increase the number of mobile particles in the axons, cells were stimulated with BDNF as described before. TDP-43-containing granules were observed moving along the axons and growth cones with both antero-and retrograde trajectories (Fig. 3A and B and Supplementary Material, Fig. S3 and Movie S1). No difference in the mobility of mCherry-and GFP-tagged TDP-43 particles was observed, with average speeds of 1.5 and 1.3 mm/s, respectively (Fig. 3C) , and comparable instantaneous velocities (Supplementary Material Fig. S4 ). These rates are similar to that described for the microtubule and Although TDP-43 is present in both fractions, the nuclear non-shuttling hnRNP C2 protein is absent from the axonal extract. The cytoplasmic tau and tubulin proteins and the nuclear histone H3 were probed with specific antibodies to assess the purity of the fractions.
motor-dependent transport of other mRBPs (37) . The observed trajectories were characterized by persistent movements in one main direction, with limited changes in the direction of the motion. Indeed, the average net displacement, measured as the net distance between the starting and the end points of the track, was 67 + 24% of the total distance traveled by the granule in both directions. Interestingly, when we scored the number of mobile over stationary or oscillating particles, 44.6% of TDP-43 granules showed a displacement of .2 mm in either direction, indicating a striking high mobility of TDP-43 along the axons of motor neurons; this is in contrast to other mRBPs showing a smaller motile population (37) .
TDP-43 co-localizes with mRBPs in motor neuron axons
Since we showed that TDP-43 is localized and actively transported along the axons of motor neurons, we investigated whether other mRBPs known to regulate the transport and translation of axonal mRNAs would be part of TDP-43-positive granules. To test this hypothesis, we stained primary motor neurons with antibodies recognizing endogenous TDP-43 and the mRBPs FMRP, IMP1 and HuD, and a stringent co-localization analysis on deconvolved 3D images was performed (Fig. 4A) . Additionally, we investigated TDP-43 co-localization with the spinal muscular atrophy (SMA) disease protein SMN (survival of motor neuron), as this has been shown to interact with several mRBPs such as HuD and FMRP (36, 38) , and a role in RNP assembly for SMN has been suggested (39) . As a control for the specificity of the co-localization, we investigated TDP-43 association with the glycyl tRNA synthetase GARS, which has an axonal distribution and abundance similar to the other studied proteins and, as we recently showed, does not co-localize with SMN in motor axons (36) . Significant co-localization was observed for all tested pairs except TDP-43 and GARS (Fig. 4B) , as also shown by Manders's coefficients (Supplementary Material, Fig. S5 ). Manders's coefficient represents a more biologically meaningful alternative to Pearson's correlation coefficient (40, 41) . It takes into account not only the percentage of the volume of one channel that co-localizes with the second channel, but also the fluorescence intensity of that channel, so that the higher the intensity of the co-localized voxels is, the higher the Manders's coefficient will be. According to Manders, any co-localization whose coefficient is ,0.2, as for TDP-43 and GARS (i.e. 0.13), is defined as not biologically significant (40) .
To further confirm the association of TDP-43 with these proteins, we performed co-immunoprecipitation experiments in Neuro2A cells transfected with HA-tagged TDP-43 and GFP-tagged FMRP, IMP1, HuD and SMN (Fig. 4C) . HA-TDP-43 was immunoprecipitated using a specific anti-HA antibody, and the presence of the other mRBPs was assayed by western blot using an anti-GFP antibody. Specific co-immunoprecipitation was detected for TDP-43 and IMP1, HuD and SMN in several independent experiments. However, we were not able to detect co-purified FMRP under these conditions. This result suggests that TDP-43 and FMRP interaction may be weaker or that they may not directly interact, but their association may be mediated by intervening proteins.
To test whether TDP-43 may be co-transported in the same particles with other mRBPs, we co-transfected primary motor neurons with fluorescent-tagged TDP-43 and HuD. HuD was selected for these experiments as its mobility in motor neurons has been previously characterized (36) . Using dual-channel live-cell imaging, single-and double-labeled granules transported along the axons of motor neurons were observed ( Fig. 4C) , further supporting the hypothesis that TDP-43 is part of actively transported RNP complexes in motor neuron axons.
ALS-derived mutations promote cytoplasmic and axonal redistribution of TDP-43 in motor neurons
Since missense mutations in TDP-43 gene are known to cause ALS, and they have been shown to enhance TDP-43 protein aggregation in yeast (11), we investigated the effect of two ALS patient-derived mutations on the aggregation and cellular localization of TDP-43 in primary motor neurons. Cells were transfected with expression constructs for either wild-type TDP-43 or mutant forms bearing the M337V or the A382T amino acid substitutions, and fixed 24 h after transfection to avoid cell death induced by TDP-43 overexpression (not shown). Western blot analysis confirmed that wild-type and mutant forms of TDP-43 were expressed at similar levels (Supplementary Material, Fig. S6 ). Under these conditions, we did not observe increased aggregation induced by TDP-43 mutations (Supplementary Material, Fig. S6 ). However, when we evaluated the cellular localization of the wild-type versus mutant TDP-43, we found a significant increase in the cytoplasmic localization of both M337V and A382T mutant TDP-43 ( Fig. 5A and Supplementary Material, Fig. S7 ), suggesting that the cytoplasmic translocation of TDP-43 could be an early event, preceding the formation of insoluble inclusions. Given this observation, we further investigated the axonal localization of the TDP-43 mutant constructs in basal condition, and whether their response to BDNF stimulation was altered when compared with the wildtype protein (Fig. 5B ). To this extent, motor neurons were transfected with the GFP-tagged TDP-43
WT , TDP-43
M337V
and TDP-43 A382T constructs, and 24 h after transfection cells were stimulated with BDNF (10 ng/ml for 15 min). The soluble red fluorescent protein mCherry was co-transfected to identify the motor axon. The fluorescence intensity of the different constructs in the axons was then evaluated; in order to take into account the differences in the levels of the transgene expression, the axonal fluorescence intensity was normalized on the nuclear localization for each cell. All motor neurons where the GFP-TDP-43 protein showed an abnormal distribution (i.e. more cytoplasmic than nuclear) were excluded from the analysis. Under basal conditions, both TDP-43 mutant proteins were observed to be significantly more abundant in the axon than the wild-type protein , although this did not reach statistical significance. Taken together, these data suggest that the enhanced cytoplasmic and axonal localization of the mutant TDP-43 protein, and possibly its increased axonal activity, may contribute to the disease pathology.
TDP-43 CTF forms pathological aggregates in motor neurons
Several studies have shown that pathological TDP-43 is aberrantly phosphorylated and cleaved into insoluble CTFs that primarily constitute the cytoplasmic ubiquitinated aggregates observed in ALS motor neurons (9) . To test whether these pathogenic characteristics are recapitulated in motor neurons in vitro, we transfected primary cultures with the GFP-tagged TDP-43 CTF. To avoid excessive cytotoxicity due to overexpression of the C-terminal TDP-43 fragment, cells were fixed and processed for immunocytochemistry 24 h after transfection. Under these conditions, we observed the formation of hyperphosphorylated and ubiquitin-positive aggregates ( Fig. 6A and B and Supplementary Material, Fig. S8 ) that co-localized with the autophagosome marker LC3 (Supplementary Material, Fig. S9 ). Using the phospho-specific TDP-43 antibody pS409-10 as a marker of inclusions, we observed that 49% of transfected cells expressing the GFP-tagged CTF contained phospho-TDP-43-positive aggregates, versus 13% cells expressing full-length TDP-43 (Fig. 6C) . The non-aggregated TDP-43 CTF was found diffusely distributed throughout the cell soma and neuronal processes. Interestingly, although phospho-positive CTF aggregates were localized mainly to the cell body, inclusions were also observed in dendrites and axons (Fig. 6C) . 
The mRBP HuD is recruited into insoluble aggregates by the TDP-43 CTF
Since we showed that TDP-43 co-localized with several mRBPs and SMN, we investigated whether these proteins were recruited into the TDP-43 CTF-positive aggregates. Primary motor neurons were co-transfected with GFP-tagged CTF and mCherry-fusions of FMRP, IMP1, HuD and SMN. Twenty-four hours after transfection, cells were fixed and processed for imaging. Although FMRP, IMP1 and SMN protein overexpression induced the formation of small cytoplasmic foci, these did not overlap with CTF-positive inclusions (Fig. 7A, B and D) . This is in contrast to a striking co-aggregation that we observed when HuD and the TDP-43 CTF were co-expressed (Fig. 7C) . These results were also confirmed by using biochemical fractionation in neuroblastoma Neuro2A cells that were transfected with the same plasmids as above (Fig 7E) . Triton X-100-soluble and -insoluble fractions were collected 48 h after transfection, and the ratio of soluble versus insoluble was determined for each protein.
Consistent with the cell imaging results, FMRP, IMP1 and SMN solubility did not change when the TDP-43 CTF was co-expressed. On the contrary, when CTF and HuD were co-transfected, a significant decrease in HuD solubility was observed. These data suggest a potential deregulation of the mRNA metabolism in aggregate-containing cells, due to the selective sequestration of some TDP-43-interacting proteins into cytoplasmic inclusions.
TDP-43 cellular levels influence axon outgrowth in primary motor neurons
Tightly regulated cellular levels of TDP-43 protein are critical for cell survival (14) (15) (16) 18, 19) . However, it is not yet clear whether loss of TDP-43 activity, increased cytoplasmic accumulation and aggregation, or a combination of the two mediates motor neuron degeneration observed in ALS. To address this issue, we first investigated the effects of wild-type or mutant TDP-43 overexpression and silencing on the morphology of primary motor neurons (Fig. 8) . For this purpose, cells were transfected with GFP alone or GFP-tagged wildtype TDP-43 (TDP-43 WT ), TDP-43 CTF and TDP-43 Nterminal fragment (NTF), and the axon length and the primary branch number were evaluated (Fig. 8A-C) . Interestingly, TDP-43 overexpression caused a significant reduction in axon outgrowth in primary motor neurons (Fig. 8B) . A striking phenotype was the high percentage of axons lacking branches in neurons that overexpressed TDP-43 (Fig. 8C) . Overexpression of mutant TDP-43 (M337V and Q382T) had a comparable effect on axon outgrowth (Supplementary Material, Fig. S10 ). To determine whether the RNA-binding activity or the protein -protein interaction was mainly responsible for impaired axon outgrowth, we compared the effect of ovexpressing GFP-NTF, containing the two RNA-binding domains, with that of GFP-CTF, containing the domains responsible for TDP-43 interaction with other proteins such as hnRNP A2 (42) . Whereas the expression of the CTF reduced axon outgrowth and branching similar to full-length TDP-43, the expression of NTF induced a modest increase in the axon length and the branch number, although this did not reach statistical significance (Fig. 8A-C) . Similar results were obtained when the overall axonal arbor length, including axon and primary branches, was considered (not shown).
Since we showed that increased levels of TDP-43 induced a significant reduction in the axon length, we investigated the effects of TDP-43 knockdown on axon outgrowth. Thus, motor neurons were transfected with two shRNA vectors targeting different regions of the TDP-43 mRNA. To assess the efficiency of knockdown, motor neurons were fixed and stained for endogenous TDP-43 5 days after transfection (Supplementary Material, Fig. S11) . A significant reduction of TDP-43 levels was observed in both the nucleus (25.1% shTDP-43#2, 42.7% shTDP-43#3 versus shCtrl) and axons (33.5% shTDP-43#2, 49.8% shTDP-43#3 versus shCtrl). Using these conditions, we found that TDP-43 downregulation led to a slight but significant increase in the axon length, and a marked enhancement of axon branching and branch length, thus leading to a significant increase in the overall axonal arbor length (Fig. 8E and F) . Taken together, these data suggest that TDP-43 acts as a negative regulator of axon outgrowth, possibly through the interaction with other mRBPs.
DISCUSSION
Here we report the axonal localization and active transport of TDP-43 in axons of motor neurons, and evidence suggesting its potential role in axonal mRNA regulation. Using high-resolution fluorescence microscopy and live-cell imaging of primary motor neurons, we show that TDP-43 is localized in discrete and highly mobile granules along motor neuron dendrites, axons and growth cones. TDP-43-containing granules are actively and bidirectionally transported with a speed that is consistent with motor protein-dependent fast axonal transport. Furthermore, here we show that TDP-43 is co-localized in motor axons with several well-studied mRBPs. We found that the TDP-43 CTF specifically co-aggregated with one of these proteins, HuD, in cytoplasmic inclusions. Interestingly, alteration of the cellular levels of TDP-43 in motor neurons led to a dramatic change in the ALS is characterized by the selective degeneration of cortical and spinal motor neurons. In animal models of the disease, as well as in ALS patients, it has been shown that the neurodegeneration starts at the axonal synapse, and skeletal muscle denervation is observed before motor neuron loss in the spinal cord (1, 43) . The maintenance and function of the highly dynamic NMJ has been shown to require the localization and the local translation of several mRNAs both during development and, in the adult, during axonal regeneration (44) (45) (46) . To investigate the possibility that TDP-43 activity may play a part in the regulation of these processes, and that these processes may be dysregulated by TDP-43 mutations or cytoplasmic aggregation, we have first studied the cellular localization and dynamics of this protein in primary motor neurons. TDP-43 protein has been shown in different cell types to be mainly localized in the nucleus. Nevertheless, nuclear-cytoplasmic shuttling has been described for TDP-43 (22, 23) , and TDP-43 localization in the cytoplasm and neurites has been observed in hippocampal neurons and in mixed spinal cord cultures (21, 31) . However, the cellular localization of endogenous TDP-43 in motor neurons was not known. Using a wide array of monoclonal and polyclonal antibodies for immunocytochemistry analyses, as well as biochemical studies on pure axonal fractions obtained from ES cell-derived motor neurons, here we clearly demonstrate that TDP-43 is indeed present in axons. Furthermore, we demonstrate that TDP-43-containing granules move along the axons at 1.4 mm/s, similar to what has been observed for other mRBPs such as the fragile X mental retardation protein FMRP (35) , the zipcode-binding protein ZBP1/IMP1 (47), the neuronal member of the ELAV family HuD (36) , and also for the SMA disease protein SMN (48, 49) . What, to our knowledge, is unique about TDP-43 dynamics in motor neurons is the high percentage of mobile granules versus stationary or oscillating particles, in contrast to what has been observed for other proteins such as ZBP1 (50) and SMN (48) .
The presence of TDP-43 in motor axons and its active transport suggest the possibility that it may participate in the cytoplasmic regulation of mRNAs. This hypothesis is further supported by work from the Taylor laboratory that identified a wide array of ribosomal proteins, translation factors and mRBPs as TDP-43-interacting proteins (51) . mRBPs that regulate the stability, transport and translation of mRNAs are indeed known to interact and assemble in macromolecular RNP complexes and, by acting cooperatively or antagonistically, to determine the fate of bound mRNAs (52, 53) . When we investigated the composition of TDP-43-containing granules in primary motor neuron axons, we found significant nonrandom co-localization of TDP-43 with several mRBPs, including FMRP, IMP1 and HuD. Both FMRP and IMP1 have been described to inhibit the translation of bound mRNAs such as PSD-95 and b-actin, although at the same time favoring their transport along neurites (47, 54, 55) . It is possible that TDP-43 may play a similar role in the regulation of its target mRNAs, as also suggested by a previous study (31) . TDP-43, FMRP, IMP1, SMN and HuD, as well as the pathogenic variant of the ALS disease protein FUS, have all been shown to be components of stress granules, discrete cytoplasmic structures that assemble and silence mRNAs in response to environmental stress (23, 26, 27, 56) , suggesting that these proteins may regulate common target mRNAs in response to stress. Further experiments will be necessary to confirm and characterize the role of TDP-43 in the post-transcriptional regulation of its target mRNAs.
A hallmark of TDP-43 proteinopathy is the aggregation of its CTF into cytoplasmic aggregates (9) . Interestingly, when we investigated the possible co-aggregation of these TDP-43-associated mRBPs in CTF-positive inclusions, we found a specific effect on HuD solubility. HuD was also identified in a functional screen to predict new candidate ALS disease genes and, similar to TDP-43, it was found to be highly toxic and to form cytoplasmic inclusions when overexpressed in yeast (57) . In our study using neuroblastoma cells and primary motor neurons, HuD expression led to a very limited amount of aggregates that did not appear to affect cell survival. In contrast, when HuD was co-expressed with the CTF, severe co-aggregation was observed. HuD does not contain a prion-like domain that may render it intrinsically aggregation prone, as has been shown not only for TDP-43 and FUS/TLS (58), but also for the TDP-43-interacting RNAbinding protein TIA-1, whose prion-like aggregation regulates stress granule formation (59) . The relevance of the recruitment of HuD into TDP-43 aggregates is not yet clear, but it will be interesting to see whether HuD or other members of the ELAV protein family are present in the pathological aggregates found in TDP-43 animal models and ALS patients. It is possible that aggregation of TDP-43 in the cytoplasm may lead to the co-aggregation and depletion of other aggregation-prone mRBPs, thus leading to a general impairment of mRNA trafficking and/or regulation of mRNA stability. It will be interesting to see whether TDP-43-positive inclusions that contain HuD and other proteins also contain associated mRNAs.
The observation that TDP-43 is actively transported in motor neuron axons and is associated with several mRBPs led us to speculate that TDP-43 itself may have a role in the regulation of mRNA stability, transport and possibly translation. Interestingly, when neurons were stimulated with BDNF, we found a significant increase in the axonal localization of TDP-43. Several studies have demonstrated a role for BDNF in the regulation of local protein synthesis at the synapse, which contributes to long-term synaptic plasticity and memory formation (60) . Furthermore, BDNF regulates growth cone dynamics acting as a guidance cue in a local protein synthesis-dependent manner (61, 62) , and it has been shown to increase the localization into axonal growth cones of the b-actin mRNA and protein, most likely by stimulating its local translation (47, 63, 64) . Our results show that TDP-43-containing granules respond to stimulation by BDNF, which supports a potential role for TDP-43 in the regulation of mRNA localization and/or local translation. Interestingly, we found that ALS patients-derived mutations in TDP-43 increase the cytoplasmic and axonal levels of the protein. Furthermore, the M337V mutation led to an enhanced axonal localization in response to BDNF stimulation compared with the wild-type protein, and a similar trend was observed for the other tested mutation. These results suggest that alteration in the axonal distribution of the mutant TDP-43 may play a role in the pathogenesis of the disease.
Our additional observation that TDP-43 levels affect motor axon outgrowth and branching further corroborates the hypothesis that TDP-43 has a role in regulating the axonal fate of mRNAs. As the work from several laboratories on axon guidance and regeneration has demonstrated, mechanisms of mRNA localization and local translation are necessary for the maintenance of a dynamic and responsive growth cone (45,65 -68) . Here we show that overexpression of full-length TDP-43 caused a severe reduction of axon outgrowth and branching in primary cultured motor neurons, whereas the opposite effect was observed following TDP-43 knockdown via shRNA-mediated mRNA silencing. Although it is unlikely that axon outgrowth defects in developing motor neurons are directly relevant for the development of late onset diseases such as ALS, these in vitro phenotypes may be related to the mechanisms that lead to defective maintenance or plasticity of mature axonal arbors. Similar observations have also been made in motor neurons derived from an SMA mouse model (69) , where shorter axons were observed in vitro, although no outgrowth defects for motor axons can be detected in several SMA mouse models in vivo (70) . Defects in branching and outgrowth of axons identified in vitro may reflect changes in the axon terminal that affect the ability of motor neurons to maintain the NMJs in the context of the disease. Although axonal degeneration has been observed in TDP-43 knockout and transgenic animals (16, 20, 21) , here we show that TDP-43 acts as a negative regulator of axon outgrowth by studying isolated mouse motor neurons. Furthermore, by directly comparing the effects of TDP-43 overexpression and downregulation in motor neurons, we demonstrate that the axon outgrowth phenotype is not due to the cellular toxicity of TDP-43 expression, but it is rather a direct consequence of TDP-43 protein expression and function in motor neurons. Particularly, we identified the TDP-43 C-terminus, which is endowed with the ability to interact with other cellular proteins through its glycine-rich region, as responsible for this effect. Surprisingly, the expression of the TDP-43 N-terminus (NTF), containing the two RNA-binding domains and the nuclear localization signal, resulted instead in a trend toward slightly longer axons, suggesting that the RNA-binding activity of TDP-43 is not required to mediate the defects in axon outgrowth. Indeed, being able to bind to target mRNAs but not to other mRBPs, the NTF may act as a dominant negative of TDP-43 function. Of note, almost all ALS-linked mutations in TDP-43 are clustered in the C-terminus (8) , underlining the importance of this protein domain.
One unresolved question is whether TDP-43 cytoplasmic aggregation is the main toxic insult leading to motor neuron death. In our experimental model, the expression of the TDP-43 CTF had the same effect as full-length TDP-43 on axon outgrowth, implying that CTF-induced aggregation is not solely responsible for the neuron degeneration observed in ALS. Indeed, the presence of cytoplasmic TDP-43-positive inclusions is not unique to ALS, but it has been observed in several neurodegenerative diseases (71) . However, a clear causal link to TDP-43 mutations has been established only for ALS, supporting the idea that subtle changes to TDP-43 activity in mRNA post-transcriptional regulation, together with the formation of cytoplasmic inclusions, may be responsible for the specific degeneration of motor neurons observed in ALS (72) . This hypothesis is further supported by the observation that the cytoplasmic redistribution of wild-type or mutant TDP-43, and not its cytoplasmic aggregation, was directly linked to cell death in rat cortical neurons expressing GFP-tagged TDP-43 over a 10-day time frame (13) . Similarly, we show that in primary motor neurons two ALS-patient-derived mutations (M337V, A382T) favor the cytoplasmic and axonal redistribution of TDP-43, without increasing its tendency to aggregate. However, contrary to another report using rat cortical neurons (13), we were not able to detect any difference in the pathogenic effect (i.e. aggregation and axon outgrowth) of the wild-type protein versus the tested TDP-43 mutants. This discrepancy may be due to the fact that in motor neurons severe cell toxicity due to TDP-43 overexpression was observed starting 24 h after transfection, thus masking any possible difference in the behavior of the wild-type and the mutant proteins. This observation indicates that motor neurons may be more sensitive to the alteration of TDP-43 protein levels than other neurons, thus providing, at least partially, a potential explanation for the selective degeneration of motor neurons in ALS.
TDP-43 protein levels have been shown to be tightly regulated via an auto-regulatory pathway (14, 15) , and we can speculate that perturbations of TDP-43 cytoplasmic and axonal levels may lead to increased inhibitory activity on mRNA stability, trafficking or translation, eventually leading to neuron degeneration. Additionally, TDP-43 inclusions in ALS have been shown to be localized not only in the cell soma, but are also present along dendrites and axons, possibly impairing vesicle, protein and mRNA trafficking along these processes. The identification of ALS-causing mutations in another axonal/dendritic mRBP, FUS/TLS (73,74) also supports the hypothesis that misregulation in the axonal fate of mRNAs may be a major contributor to motor neuron degeneration (75) . Indeed, FUS, a mainly nuclear protein, has a wellestablished role in the regulation of mRNA transport and stability in neurons (33, 76, 77) . UV-crosslinking and immunoprecipitation experiments, as well as RNP immunoprecipitation (RIP-Chip), have identified a wide array of potential TDP-43 mRNA targets (15, 28, 29, 78) , whose splicing, stability and transport may be controlled by TDP-43. Although our data and the work from several other groups argue for a role of TDP-43 in cytoplasmic/axonal mRNA regulation, the exact function and underlying mechanisms still need to be elucidated. Future experiments will be necessary to identify which mRNAs are controlled by TDP-43 outside of the nuclear compartment, and whether TDP-43 activity as a splicing factor is coupled to its function in axons. The study of this potential dual function of TDP-43 in the nucleus and axon of motor neurons will help gain insight into the pathogenesis of ALS, possibly leading to the identification of new therapeutic strategies for this incurable disease.
MATERIALS AND METHODS
Primary motor neuron culture and transfection
Primary motor neurons from E13.5 mouse embryos were isolated, cultured and transfected by magnetofection as previously described (36, 49) . Cells were fixed at 3 DIV or 24 h after transfection, and processed for immunostaining and imaging, unless stated otherwise. For BDNF stimulation, motor neurons were incubated for 30 min in plain Neurobasal medium (Invitrogen), and then stimulated with 10 ng/ml BDNF (Peprotech) for 15 min. Monomeric green (mEGFP) or red (mCherry) fluorescent proteins were fused to murine and human wild-type TDP-43, human mutant TDP-43 (M377V and A382T), murine FMRP (79) 
Cell staining and imaging
Motor neurons were fixed for 15 min with 4% paraformaldehyde in PBS. Primary antibodies (Supplementary Material, Table S1 ) were incubated overnight at 48C. Cy3-, Cy2-or Cy5-conjugated secondary antibodies (Jackson ImmunoResearch) were incubated for 1 h at room temperature. For highresolution imaging, a 60× objective (1.4 NA) was used. Z-series (5 to 10 sections, 0.2 mm thickness) were acquired with an epifluorescence microscope (Ti, Nikon) equipped with a cooled CCD camera (HQ2, Photometrics). For lowmagnification imaging, a 10× or 20× phase objective was used and single-optical slices were acquired.
Image analysis
Z-stacks were deconvolved (Autodeblur, Media Cybernetics) and analyzed using the Imaris software (Bitplane). For co-localization and fluorescence intensity analysis, a 70 -80 mm segment of the axon starting 20 mm away from the cell body was analyzed. Background fluorescence was subtracted in all channels, and an additional threshold was applied to discriminate between the signal and the noise. For co-localization analysis, stringent thresholds and parameters were used to identify a co-localized signal, utilizing the algorithm developed by Costes et al. (41) , as implemented in the Imaris image analysis suite. The fluorescence intensities (Intensity sum) in the axons and nuclei, normalized to their volumes, were compared in stimulation and knockdown experiments. For axon length measurement, overlapping images of a single cell were reassembled if necessary using Photoshop (Adobe). The ImageJ plug-in NeuronJ (81) was used to measure the length of the axon, identified as the longest process, and its primary branches.
Culture and differentiation of ES cells into motor neurons
ES cells derived from an HB9::GFP transgenic mouse (82) were expanded essentially as described (83) but using feeder layers of the SNL 76/7 STO cell line (MMRRC) instead of primary fibroblasts. ES cells were differentiated into motor neurons in DFNK10 medium, according to published protocols (84) but with one modification: cells were incubated in Aggrewell400 plates (Stemcell Technologies) at 6 × 10 5 cells/well for 2 days before treatment with 1 mM retinoic acid (Sigma) and 1 mM smoothened agonist (SAG 1.3 , Calbiochem). Embryoid bodies were harvested with cell strainers (70 mm, BD Falcon) and plated in DFNK10 medium with 5 ng/ml GDNF (Peprotech) on porous membrane inserts (pore size 1 mm; BD Falcon) coated with laminin (Invitrogen). After 5 days, axons were harvested from the membrane underside in RIPA buffer with protease inhibitors (Roche). For BDNF stimulation experiments, cells were starved in DFNK10 medium lacking KO serum replacement (Invitrogen) and other supplements for 30 min prior to BDNF treatment (15 ng/ml for 30 min).
Live-cell imaging
Motor neurons were plated on poly-ornithine/laminin-coated Delta T culture dishes (Bioptechs). Sixteen to 24 h after transfection, cells were starved in plain Neurobasal medium for 30 min and then stimulated for 15 min with 10 ng/ml BDNF in glia-conditioned low-fluorescence-imaging medium (Hibernate E, Brain Bits) supplemented with 2% B27 and 2% horse serum. Movies were acquired using a wide-field microscope (TE2000, Nikon) with a high-speed cooled CCD camera (Cascade 512b, Photometrics). Exposure times were set between 150 and 450 ms to minimize photobleaching. Analysis of particle movement was performed using the spot automatic detection of the Imaris software, followed by frame-by-frame manual editing to ensure that individual granules and tracks were detected. If the same individual granule could not be identified unequivocally along the whole trajectory, it was not included in the analysis. Average speed and instantaneous velocity for each particle were evaluated. Particles were considered mobile if they displayed a displacement of .2 mm in one direction. Kymographs were generated on straightened axons by swapping time and Z-axes in Imaris.
Neuro2A culture and transfection
Neuroblastoma Neuro2A cells were cultured in DMEM medium (Invitrogen) supplemented with 10% fetal bovine serum (Hyclone) and 1% PenStrep (Sigma). Twenty-four hours after plating, cells were transfected as indicated with the TurboFect (Fermentas) reagent, following the manufacturer's instructions.
Co-immunoprecipitation, cell fractionation and western blots
For co-immunoprecipitation experiments, Neuro2A cells were transfected with HA-TDP-43 and GFP-tagged FMRP, IMP1, HuD or SMN. Forty-eight hours after transfections, cells were lysed in lysis buffer (50 mM Tris -HCl, 150 mM NaCl, 1% NP-40, protease inhibitors), and HA-TDP-43 was immunoprecipitated using anti-HA antibody (1:250; HA.11, Covance) and 40 ml of protein agarose beads coated with protein A (Roche). For the solubility assay, Neuro2A cells were lysed 48 h after transfection in lysis buffer (50 mM Tris -HCl, 150 mM NaCl, 1% Triton X-100) containing protease inhibitors (Sigma). After sonication and centrifugation (20 000g for 15 min), the soluble fraction was collected, and the Triton X-100-insoluble material was washed in lysis buffer, resuspended in 8 M urea and sonicated again. Proteins were separated by 10% PAGE and blotted on nitrocellulose membranes. mCherry-and GFP-tagged proteins were detected using a mouse monoclonal anti-mCherry (GeneCopoeia) and a chicken polyclonal anti-GFP antibody (Aves). HA-tagged TDP-43 was detected using a rabbit monoclonal HA antibody (Cell Signaling). Specific secondary antibodies conjugated with infrared dyes (Li-Cor) were used for detection.
Statistical analysis
Normality of the data from each experiment was assessed using the Shapiro-Wilk test. Statistical analysis was performed with parametric (Student's t-test, one-way ANOVA) or non-parametric (Kolmogorov -Smirnov or KruskalWallis tests), according to normality, as specified in each figure legend. Differences were considered significant if P , 0.05.
